Phylogeography studies gene genealogies in the context of the geographic distribution of species, aiming to understand the geographic processes that underlie genetic divergence. At the intraspecific level, documentation of the genetic structure of populations of a species at broad geographical scales is essential for understanding the population-level processes leading to differentiation and speciation (Avise 1998 (Avise , 2000 Rosenberg et al. 2002) . Understanding the processes and patterns of gene flow and local adaptation requires a detailed knowledge of how landscape characteristics and history structure populations (Hutchison and Templeton 1999) . This is crucial not only for improving ecological knowledge of a particular species, but also for gaining insight on the processes of inter-and intrapopulation differentiation, as well as managing properly the genetic diversity of threatened and endangered populations (Manel et al. 2003) .
Often, mitochondrial DNA (mtDNA) markers offer a 1st glimpse at levels of past and current connectivity among populations along the range of distribution of a species. Because of the maternal, nonrecombining mode of inheritance and rapid evolution of mtDNA, this genome often provides multiple haplotypes that can be ordered phylogenetically within a species to yield intraspecific gene trees (gene genealogies- Avise 1994) .
Subterranean rodents are one of the most interesting models for testing hypotheses about processes that lead to evolutionary divergence of lineages (Patton et al. 1996) . They generally occur in naturally fragmented environments and because their dispersal abilities are restricted in relation to the spatial scale of habitat disruption, they generally occur in small genetic units where genetic variation is low and interpopulation divergence is high (Patton and Smith 1990; Smith 1998; Wlasiuk et al. 2003) . Strong genetic structure is believed to result from the combination of relatively small population size and limited dispersal, promoting differentiation by genetic drift, and from large geographical ranges, which encompass a broad array of habitats.
These are optimal conditions for divergence, be it by genetic drift or natural selection (Alvarez-Castañeda and Patton 2004) . In general, local differentiation under limited genetic flow is expected to characterize species of subterranean rodents (Alvarez-Castañeda and Patton 2004; El Jundi and Freitas 2004; Patton 1985; Wlasiuk et al. 2003) . This is the case of the South American rodents of the genus Ctenomys (tuco-tucos), which is the most speciose group of all subterranean rodents (Castillo et al. 2005; Cook and Lessa 1998; Lessa 2000; Lessa and Cook 1998; Reig et al. 1990 ; Slamovits et al. 2001 ). The extraordinary rate of divergence of Ctenomys has been attributed to the combined effect of many factors, including patchy distributions and spatial isolation, restricted mobility, territoriality, small effective population numbers, socially structured mating systems (Reig et al. 1990) , and high karyotypic heterogeneity (Massarini et al. 2002; Ortells 1995 ; but see Tomasco and Lessa, in press) .
Like most species of tuco-tucos, the sand-dune tuco-tuco (Ctenomys australis) is highly territorial. Individuals build large, exclusive burrow systems in coastal sand dunes found more or less continuously along the Atlantic coast of the province of Buenos Aires, Argentina Busch 1995, 1998) . The analysis of genetic differentiation in C. australis, which belongs to the phylogenetic mendocinus species group (Castillo et al. 2005; D'Elía et al. 1999; Massarini et al. 1991; Rosi et al. 1992) , is particularly interesting because of several attributes of this species. It presents one of the largest body sizes within the genus Ctenomys (;250-500 g), which probably restricts the habitat suitable for the species because of the high energetic costs associated with digging (Busch 1989; Malizia et al. 1991; Vleck 1981) . Hence, the species is currently restricted to the coastal, friable sand dunes present between Necochea and Bahía Blanca in the southeastern region of Buenos Aires Province, occupying a very reduced range of approximately 100 km 2 (Contreras and Reig 1965; Kittlein et al. 2004) . Dispersal among local populations probably happens over the surface; dispersers are mostly immature individuals and it is known that the sex and age structure of the sink populations are similar to those of the source demes (Zenuto and Busch 1998) .
Basic aspects of the demography and ecology of this species were published by Busch (1995, 1998) , Busch et al. (2000) , Vassallo et al. (1994) , and Vassallo (1998) . The nearly 1-dimensional linear pattern of distribution along the ecologically homogeneous coastal sand dunes (Contreras and Reig 1965; Malizia et al. 1991) imposes important restrictions on gene flow, and more general, on the dynamic of differentiation within this species. A continuously distributed population may be genetically structured if gene flow is restricted or if the population is under diversifying selection (Congdon et al. 2000; Hudson et al. 1992; Lázaro et al. 2004) . Such populations might develop a pattern of isolation by distance (Slatkin 1987) .
The habitat occupied by the sand-dune tuco-tuco is relatively continuous, although some important putative barriers, such as rivers, forests, and urbanization have been verified within its distributional range (Contreras and Reig 1965; Kittlein et al. 2004; Turno Orellano and Isla 2004) . The coastal dune habitat is gradually receding because of progressive urbanization and forestation of coastal areas in the region, posing a threat to survival of this species. This study provides information on the allotment of genetic variation and on the impact of putative geographic barriers to the dispersal of individuals along the entire distributional range of the species.
MATERIALS AND METHODS
Trapping of animals and sample collections.-We obtained tissue samples (toe snips, preserved in 95% ethanol for subsequent DNA extraction and genetic analyses) from a total of 70 individuals of C. australis, which were livetrapped with Oneida Victor No. 0 snap traps (Oneida Victor, Eastlane, Ohio), with a rubber cover to avoid injuring animals (experience indicates that this procedure neither affects survival nor digging performance of individuals). After collection of tissue samples for genetic analyses, animals were immediately released back within the same burrow system where they had been originally captured. Samples comprised between 7 and 13 individuals at each of 8 localities along the entire distributional range of the species, from Necochea to Balneario Pehuen Có (Fig. 1) . All parts of the study involving live animals followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
DNA extraction, polymerase chain reaction amplification, and sequencing.-A partial fragment of the control region of mtDNA (403 base pairs [bp]) was sequenced. Total DNA extractions were performed with sodium dodecyl sulfate-proteinase K-NaCl-alcohol precipitation (modified from Miller et al. 1988) . A fragment of approximately 403 bp of the control region of mtDNA was amplified by polymerase chain reaction from all specimens using the primers TucoPro (59-TTC TAA TTA AAC TAT TTC TTG-39-Tomasco and Lessa, in press) and TDKD (59-CCT GAA GTA GGA ACC AGA TG-39- Kocher et al. 1989) . Amplification was carried out in a total volume of 12.5 ll containing the following components: 6.25 ll of DNA (4 lg/ml) used as a template, 1X Taq polymerase buffer, 240 lM of each deoxynucleoside triphosphate, 240 nM of each primer, 0.5 units of Taq polymerase, and 4 mM of MgCl 2 . Polymerase chain reaction amplifications were performed in a Rapidcycler (Idaho Technology, Salt Lake City, Utah) with an initial denaturation of 1 min at 948C, followed by 30 cycles of 1 min of denaturation at 948C, 1 min of annealing at 528C and 1 min of extension at 728C, and a final extension of 5 min at 728C (following Tomasco and Lessa, in press). Polymerase chain reaction products were purified by chromatography (Sephadex G50 fine, Pharmacia Biotech AB, Uppsala, Sweden) performed following the guidelines of suppliers and sequenced at the core facility of the Facultad de Ciencias, Montevideo, Uruguay, using a Perkin Elmer ABI Prism 377 automated sequencer (Perkin Elmer, Foster City, California) with the terminal primers used in polymerase chain reaction. Forward and reverse sequences were aligned and crosschecked as needed to resolve ambiguities.
Data analysis.-Electropherograms were scored and analyzed using Sequence Navigator (Applied Biosystems, Foster City, California) and aligned using CLUSTAL X (Thompson et al. 1997) . Nucleotide variation was estimated as p (the average number of pairwise difference between haplotypes, which estimates h ¼ 2N ef l; where h is genetic diversity, N ef is effective population size, and l is nucleotide mutation rate per generation), and h w , an estimate of h based on the number of segregating sites in the sample (Watterson 1975) , using MEGA version 1.02 (Kumar et al. 1993) . Arlequin version 1.1 (Schneider et al. 2000) and DNAsp4 version 4.0 (Rozas et al. 2003) were used for computing estimates of genetic variation within and among populations, global and pairwise estimates of gene flow (Hudson et al. 1992) , and Tajima's D-test (Tajima 1989 ) and Fu's F Stest (Fu 1997 ) of neutrality within populations. Significantly negative values of Tajima's D and Fu's F S are indicative of an excess of recent mutations, relative to expectations under the standard neutral model (strict neutrality of variants, constant population size, and lack of subdivision and gene flow).
Pairwise estimates of gene flow and linear geographic distances were used to examine patterns of isolation by distance (Slatkin 1993) . A Mantel (1967) nonparametric test was used to assess significance of the correlation between gene flow estimates and geographic distances. The mean number of migrants per generation (Nm) was estimated as N f m ¼ (1 À È ST )/(2È ST ). A minimum spanning tree (Excoffier and Smouse 1994) was generated using Arlequin version 1.1 (Schneider et al. 2000) . We examined the demographic history of populations and geographical units by an analysis of ''mismatch distribution,'' which is able to distinguish between populations that have been stable over time from those that have experienced recent expansion or reduction (see Alvarez-Castañeda and Patton 2004; Harpending et al. 1998; Rogers and Harpending 1992; Slatkin and Hudson 1991; Su et al. 2001) .
Phylogenetic relations among haplotypes were examined in a neighbor-joining tree obtained using MEGA software version 1.02 (Kumar et al. 1993) , using representative sequences of Ctenomys rionegrensis, C. pearsoni (Tomasco and Lessa, in press ), and C. flamarioni (G. Fernández, in litt.) as out-groups. Support for nodes was tested using 1,000 bootstrap replicates.
In order to investigate the existence of hierarchical levels of population structure, an analysis of molecular variance (AMOVA) was performed considering genetic distances between haplotypes and their frequencies, using Arlequin (Schneider et al. 2000) . We 1st tested the effect of natural barriers on the partition of the genetic variance at the geographical level. We took into account the Quequén Salado River, the largest river bisecting the distribution of C. australis, and the Cristiano Muerto and Sauce Grande streams. Geographically the localities were separated into 4 groups that were defined as follows: group 1: localities N and SC; group 2: localities ORE, CL, and R; group 3: locality BMS; and group 4: localities MH and PCO (see Fig. 1 for definition of localities).
RESULTS
Sequence data and variation among control region haplotypes.-In the alignment of 403 bp of the control region sequences, a total of 19 variable sites, including 9 singletons and 10 parsimony informative sites, defined 24 haplotypes (GenBank accession numbers from DQ416717 to DQ416740; Table 1 ) in a sample of 70 individuals of C. australis ( Table 1 ). Given that many haplotypes differed by a single nucleotide change, we were concerned that single nucleotide changes might have been generated in either data collection (polymerase chain reaction and sequencing) or scoring (see Méndez-Harclerode et al. 2005) . However, to avoid these problems during the experimental steps, we worked with both forward and reverse sequences using the primers detailed in the ''Materials and Methods.'' No gaps (insertions-deletions) were found among sequences from C. australis. Haplotype diversity values were moderate to high (0.833 overall, locally ranging from 0.154 in Claromecó to 0.9 in Balneario Orense), whereas nucleotide diversity values were low to moderate (0.0055 overall, ranging from 0.00038 to 0.0088 across collecting sites), reflecting the presence of a large number of closely related haplotypes (Table 2) . Few haplotypes were shared between several populations; however, the most frequent haplotype (H2) was represented at all localities except at Balneario San Cayetano (Table 1 ; Fig. 2 ). There was also a high number (17) of unique haplotypes that differed in 1 or very few nucleotide changes from the most frequent haplotype. Finally, the 2nd and 3rd most frequent haplotypes (H1 and H2), each differing in only 1 nucleotide change from the most frequent haplotype, presented a western distribution (Table 1 ; Fig. 2) . Overall, the average number of nucleotide differences was 2.23 (from 0.15 in Claromecó to 3.6 in Orense).
Phylogenetic relationships between haplotypes.-The topology of the minimum spanning tree connecting mtDNA haplotypes ( Fig. 2) is ''starlike.'' Haplotypes found in relatively high frequencies are represented in many populations. One group of related haplotypes is localized in the eastern part of the distribution range, that is, in the neighboring localities of Necochea and San Cayetano. This group of haplotypes has only few nucleotide changes with respect to the most frequent haplotype (Fig. 2) . Overall, the minimum spanning tree shows limited geographic structure.
The neighbor-joining phylogenetic tree (Fig. 3) , based on the number of pairwise differences between sequences, shows the phylogenetic position of haplotypes from C. australis in relation to the out-group species C. rionegrensis, C. flamarioni, and C. pearsoni (this last species is outside the ''mendocinus'' group-see Castillo et al. 2005 ). Geographical subdivision is limited, and the neighbor-joining tree shows that most of the populations analyzed are polyphyletic, suggesting that the populations have not been isolated long enough to reach reciprocal monophyly. Because few groups of haplotypes showed bootstrap support greater than 50% and the mtDNA phylogeny shows shallow structuring it is clear that local populations are not monophyletic and geographical structure is limited. Trees constructed with more complex models, for example, Kimura 2-parameter distances (Kimura 1983) , did not differ in the branching order among major groups.
Geographic genetic variation. (Harlt and Clark 1997; Hudson et al. 1992; Wright 1978) .
A Mantel test (Fig. 4) did not show a significant correlation between geographic distances and estimates of gene flow, thus failing to reveal a pattern of isolation by distance (r ¼ À0.062, P . 0.05). The AMOVA performed on localities assembled into groups separated by the Quequén Salado River and by both Cristiano Muerto and Sauce Grande streams did not show significant apportionment of the genetic variance among regional groups (Table 3 ). The among-groups variance component was very low (0.96%) relative to the within-locality variance component (72.97%-see Excoffier et al. 1992 ). On the other hand, the proportion of the among-locality/withingroups variance component was large (26.06%) relative to the within-locality variance component variance component. The È ST fixation indices for 2 levels of subdivision are shown in Table 3 . The È ST that shows the correlation of random pairs of haplotypes within a group of localities, relative to that of random pairs of haplotypes drawn from the whole species (see Excoffier et al. 1992), was not significant when we took into account the variance among the 4 regions limited by rivers (Table 3) . Taking into account other barriers, for example, discontinuities in the habitat associated with pine forests and urbanization, also yielded a low regional divergence (results of AMOVAs are not shown).
Tests of neutrality and historical demographic change.-Tests for Tajima's D and Fu's F S were not significant for any population. In spite of this, the majority of the localities presented consistently negative values for these statistics (Table  2) . On the other hand, an overall F S -test was both negative and significant (F S ¼ À17.4, P , 0.001; DNAsp4). An overall D-test was negative, but not significant (D ¼ À1.4, P . 0.1; DNAsp4). The mismatch distribution analysis suggests a recent history of population expansion, depicted in a typical unimodal distribution (Fig. 5) and a low average number of nucleotide differences (k ¼ 2.23).
DISCUSSION
Gene flow may either constrain evolution by preventing adaptation to local conditions or promote evolution by spreading new genes and combination of genes throughout a species' range (Slatkin 1987) . As pointed out by Hudson et al. (1992) and Congdon et al. (2000) , continuously distributed populations may be genetically structured if gene flow is restricted or if they are under diversifying local selection.
Some species are restricted to nearly linear, 1-dimensional spatial distribution because of a strict association with particular habitat conditions. This is the case of some species of coastal subterranean tuco-tucos such as C. pearsoni (Tomasco and Lessa, in press), C. flamarioni (Freitas 1994) , and C. australis (Contreras and Reig 1965; Vassallo et al. 1994 ), which present a strong association with a narrow, coastal dune habitat. Such a linear spatial distribution determines that dispersion and gene flow will be restricted to a single, or at least a dominant, spatial dimension. This feature, when associated with a limited dispersal capability (e.g., in subterranean rodents-Lacey 2000; Smith and Patton 1984) , usually results in the establishment of a pattern of isolation by distance. This general pattern results both from limited dispersal along a continuous habitat or from a stepping stone model (see Slatkin 1987; Slatkin and Barton 1989) . In general, 1-dimensional spatial systems have a reduced variance in geographical genetic attributes, as compared to 2-dimensional systems, increasing the chance to detect such isolation by distance pattern (see Slatkin and Barton 1989) . C. pearsoni represents a clear example of this pattern, associated with its nearly linear geographical distribution. Local populations of this species show a stable regime of local differentiation under limited gene flow (see Tomasco and Lessa, in press ). Isolation by distance is thus expected to occur in C. australis, which has a linear spatial distribution where migration most likely occurs between neighboring demes, probably approximating a stepping stone model (Hutchison and Templeton 1999; Slatkin and Barton 1989) .
Indeed, the study by Apfelbaum et al. (1991) , based on allozymes, showed a statistically significant pattern of isolation by distance in C. australis. This study showed both low levels of genetic variability within populations (H ¼ 5-6%) and high genetic distance between populations, which is consistent with the view that subterranean rodents have relatively low dispersal ability (Nevo 1999; Zenuto and Busch 1998) . According to Apfelbaum et al. (1991) , F ST values for C. australis (average value of 0.128) implied a moderate level of genetic heterogeneity among populations, suggesting a moderate degree of isolation among samples. However, it should be noted that this value of F ST corresponds to an Nm larger than 1 (F ST ¼ 1/(1 þ 4Nm)-Weir and Cockerham 1984), which is above the minimum number of migrants per generation needed to minimize the chances of substantial local differentiation by genetic drift (Nm . 1- Hutchison and Templeton 1999; Slatkin 1987) .
The results of the present study, based on mtDNA, show both similarities and differences with the allozyme study of Apfelbaum et al. (1991) . First, global gene flow estimates among all localities yielded a moderate value (È ST ¼ 0.25; Nm ¼ 1.47), comparable to that found with allozymes. However, the lack of significant correlation between pairwise estimates of gene flow and geographic distance clearly indicates the absence of a pattern of isolation by distance. Allele sharing was limited in the case of mtDNA, and we found that few haplotypes were shared by several populations. However, the most frequent haplotype was represented throughout the distribution of C. australis. Finally, the AMOVA performed on localities assembled into groups separated by putative barriers (e.g., rivers) did not show significant apportionment of the genetic variance among regional groups. Summarizing, our main finding is that phylogeographic genetic subdivision in C. australis is rather weak and does not follow a pattern of isolation by distance. As pointed out by Slatkin (1993) and Garnier et al. (2004) there is growing evidence that several species have not yet reached a migration-drift equilibrium, and that the observed patterns of genetic structure reflect the imprinting of historical population processes, rather than current levels of gene flow (see also Pogson et al. 2001; Turgeon and Bernatchez 2001) . In such nonequilibrium systems, the study of the relationship between genetic and geographical distances can still be informative, showing, for instance, recent range expansion (Hutchison and Templeton 1999; Slatkin 1993) .
In line with this ''nonequilibrium hypothesis,'' we advance the idea that our estimates of moderate levels of gene flow among localities most likely reflect a historical process of recent expansion, and a current situation of mutation-drift disequilibrium rather than levels of current gene flow (see also Wlasiuk et al. 2003) . The starlike topology among haplotypes found in the minimum spanning tree (Fig. 2) further supports the hypothesis of a recent expansion (Harpending et al. 1998; Slatkin and Hudson 1991) . Even though the neighbor-joining tree among all populations showed poor support of the nodes (Fig. 3) , it showed that populations are polyphyletic, similar to what the minimum spanning tree showed (Fig. 2) . In spite of the relatively low dispersal ability and patchy distribution of subterranean rodents (Lacey 2000; Malizia et al. 1991) , reciprocal monophyletic clades were not observed in C. australis. Only a few groups of related haplotypes were observed within the localities of Balneario Pehuen Có and Balneario San Cayetano and among the western localities (Balneario Reta, Balneario Marysol, Balneario Monte Hermoso, and Balneario Pehuen Có; Fig. 3 ). However, because of the low support of these groups of haplotypes in the tree (Fig. 3) , clear inferences cannot be established about the phylogenetic relationships among groups.
As said before, lack of clear differentiation among regional groups indicates that putative geographical barriers do not substantially affect the existing pattern of genetic structure. One reason is that rivers and streams do not prevent dispersion among localities, possibly because of their transient status or low-volume levels. On the other hand, if C. australis has not occupied its current distribution for a sufficient time (hypothesis of recent expansion), the effect of barriers cannot yet be detected by the AMOVAs. In fact, our data depart from both mutation-drift and migration-drift equilibrium. Under such circumstances, genetic estimates of gene flow are probably inflated by historical or selective events (see discussion in Wlasiuk et al. 2003) .
Even though Tajima's D-test was not significant, a more sensitive Fu's F S -test of neutrality was significantly negative for the whole population, which indicates an excess of low frequency variants and further suggests a recent population expansion. These variants of low frequency included many singletons, which are substitutions present in only 1 sampled sequence (Ramos-Onsins and Rozas 2002) .
If one considers all the populations as a single one, the results of the mismatch distribution analysis also suggest a historical increase in effective population size. As pointed out by Rogers and Harpending (1992) , the implications of a continued exponential growth are indistinguishable from those of a sudden burst of population growth. In addition, a few numbers of nucleotide differences between pairs of sequences and a unimodal form of the curve could suggest a possible process of population expansion. Bottlenecks also can generate waves in the distribution of pairwise differences, but contrary to population expansion, population contraction mimics balancing selection, maintaining several alleles or classes of alleles over a long time. In the bottleneck model a pair of individuals taken at random differs in average by many changes in nucleotide sites, generating general empirical distributions with many peaks at large values of pairwise differences (Harpending et al. 1998; Rogers and Harpending 1992) . Our results thus imply that a sudden population expansion is a much more likely scenario than a past bottleneck event for describing the demographic history of C. australis.
The number of variable sites found within the D-loop control region was lower than that reported in other studies of mammals using D-loop sequence data (Birungi and Arctander 2000; Cantanhede et al. 2005; Méndez-Harclerode et al. 2005) , but similar to values reported in other subterranean rodents, such as C. flamarioni (G. Fernández, in litt.) and C. pearsoni (Tomasco and Lessa, in press ). C. australis is characterized by a pattern of low nucleotide diversity and high haplotype diversity, indicating that the population is composed of a large number of closely related haplotypes (Figs. 2 and 3) . Even though haplotype diversity values were similar to those of other subterranean rodents species, nucleotide diversity values were lower (e.g., Thomomys bottae [Alvarez- Castañeda and Patton 2004] ; C. pearsoni [Tomasco and Lessa, in press] ). As pointed out by Grant and Bowen (1998; see also Méndez-Harclerode et al. 2005 ) a pattern of low nucleotide diversity and high haplotype diversity is consistent with a small historical effective population size followed by expansion.
There are alternatives to the demographic interpretations of the data outlined above. In particular, we cannot rule out TABLE 3.-Hierarchical analysis of molecular variance by region, showing the fixation indices (È-statistics) and their respective variance components. È-statistics and significant of variance component (P) were tested by permutation according to Excoffier et al. (1992) . The respective levels of subdivision of population are shown in brackets. Abbreviations for locations are given in Fig. 1 and Slatkin 1995; Harpending et al. 1998) . These processes can result in a pattern of haplotype diversity similar to that produced by a population expansion (Wlasiuk et al. 2003) , so that the signature left in the sequences analyzed cannot be resolved by the analytical tools currently available for this genetic marker. Sampling procedures could explain the differences in geographic structure and isolation by distance documented for C. australis in this paper as compared to the study by Apfelbaum et al. (1991) . Apfelbaum et al. (1991) sampled 4 localities, whereas the present analysis included 8 localities across the entire distributional range of C. australis. Nonetheless, contrasting patterns of population genetic structure and gene flow are common when different markers are included in the analysis (Alvarez-Castañeda and Patton 2004; Demastes et al. 1996; Hoelzel et al. 2000; Nicola et al. 2003; Won et al. 2003) . The effects of and levels at which selection operates are surely different for mitochondrial and different nuclear genetic markers, resulting in contrasting patterns of population differentiation. Wlasiuk et al. (2003) showed that the use of different genetic markers (microsatellites, mtDNA, and allozymes; see also D'Elía et al. 1998) yields different gene flow estimates among local populations of C. rionegrensis. As pointed out by Patton and Smith (1990) , independent traits can develop correlations in their differentiation by prolonged shared history. According to the results obtained in this study we suggest that C. australis has not occupied its current distribution for a sufficient time, and for that reason a correlated differentiation between several markers is not observed now. The allozymic genetic differentiation found by Apfelbaum et al. (1991) suggests the existence of a selection gradient across the range of C. australis, which was established in spite of a recent process of population expansion, as we advance here based on analysis of mtDNA sequences.
On the other hand, different patterns between mitochondrial and allozymic estimates of gene flow can be found in sexbiased dispersal effects. Even though patterns of male-biased dispersion are expected to occur in polygynous and territorial subterranean mammals such as C. australis Busch 1995, 1998) , more studies using different nuclear markers will be necessary to overcome the lack of basic genetic information in this group.
Ctenomys australis is restricted to the coastal sand-dune system of the southeastern part of Buenos Aires Province (Contreras and Reig 1965; Kittlein et al. 2004; Zenuto and Busch 1995) . The geologic formation of this system dates back to around 6,000-1,500 years ago as dated by radiocarbon, including 3 phases of dune formation: 6,000 to 4,000 years ago, 3,500 to 3,000 years ago, and 1,600 to 500 years ago, with the latter being the most important (see Isla et al. 2001) . This system has evolved as a result of the fluctuation of sea level in the middle Holocene (Isla 1998; Isla et al. 2001 ). Because C. australis is a strict specialist of this type of habitat and shows a strong relationship to the unstable conditions of the sand-dune system (Malizia et al. 1991; Busch 1995, 1998) , we assume that its populations are at least as old as coastal dunes in the region. In addition, no fossilized remains of this species have been found outside its current distributional range (Contreras and Reig 1965) .
The oldest fossilized remains comprise an incomplete mandible fragment dated around 9,000 6 50 years ago (Pardiñas 2001) . This suggests a recent occurrence of C. australis in the Quaternary coastal dune system; but whether it extended its distribution to the coastal dunes with the formation of this new habitat or derived from an ancestral form occurring in inland sandy soils remains unknown.
Both the tolerance to only friable soils and its limited fossil record in more continental areas suggests, more probably, that this species could not be a widely distributed species with extirpation from past mainland habitats leaving only a remnant in a novel habitat, with subsequent expansion. If the expansion occurred recently in the past (approximately 10,000 years ago), a more acceptable hypothesis is that C. australis may be a relict species in novel habitat with subsequent expansion into vacant, but adjacent coast areas of same habitat. In spite of this, we may not discard the possibility that a population expansion within a novel habitat could be the result of speciation processes caused by the cessation of gene flow with a parent, possibly a phylogenetically related species now. It should be noted that these are subtly different scenarios, and possibly we would need other complementary genetic markers to distinguish among different hypotheses.
Like C. australis, other phylogenetically related species belonging to the mendocinus group (C. azarae, C. mendocinus, C. porteousi, C. rionegrensis, C. ''chasiquensis,'' and C. flamarioni) are also associated with friable soils, also in some cases in Quaternary coastal dunes (Castillo et al. 2005; D'Elía et al. 1999; Isla et al. 2001; Kittlein et al. 2004; Massarini et al. 1991; Rosi et al. 1992 Rosi et al. , 2002 Slamovits et al. 2001) .
Within the mendocinus group, 2 of the most phylogenetically related species to C. australis are C. rionegrensis and C. flamarioni ( Fig. 3 ; see also Freitas 1994; Wlasiuk et al. 2003) . Each of them occupies a relatively small area, in Uruguay and Brazil, respectively, where they are restricted to sand dunes. Interestingly, recent studies show that these last 2 species probably experienced a process of recent expansion. Based on cytochrome-b sequence data, Wlasiuk et al. (2003) concluded that C. rionegrensis expanded its geographic range from a smaller past distribution. Like C. australis, this species is associated with Quaternary dune formation in Uruguay that is not older than 6,000 years (Isla et al. 2001; Tomazelli et al. 2000) . C. flamarioni is an endemic species from the coastal plain of Rio Grande do Sul (Brazil), associated with coastal dunes with low plant cover (D'Elía et al. 1999; Freitas 1994; G. Fernández, in litt.; Rosi et al. 2002) . Ongoing research on Dloop sequences in C. flamarioni also shows a pattern consistent with a recent population expansion (G. Fernández, in litt.) .
On the other hand, C. pearsoni is another coastal species for which genetic data are available. Although this species occupies sandy soils in eastern Uruguay, it also lives in hard soils in western Uruguay. Interestingly, and different from C. australis, Tomasco and Lessa (in press) report a pattern of isolation by distance, as well as local mutation-drift equilibrium, in this species. It is possible that greater flexibility in soil occupation has facilitated local adjustments of C. pearsoni to sea-level changes while maintaining an overall pattern of isolation by distance.
The hypothesis of a recent colonization of the Quaternary coastal dune habitat by C. australis might explain the imbalance between genetic drift and mutation now observed. If this hypothesis is correct, time since that expansion has been insufficient for the establishment of a balance between genetic drift and mutation, as well as for the establishment of a pattern of isolation by distance. However, it should be noted that positive selection may contribute to the retention of genetic similarities between subpopulations and, consequently, could produce patterns similar to those observed (Whittam et al. 1986 ).
CONCLUSIONS
Our genetic analysis suggests that C. australis has recently expanded its population size, and that geographical expansion must have followed habitat modification associated with recent changes in sea-level fluctuations during Quaternary dune formation. The presence of some genetic structure in the minimum spanning tree could indicate an expansion from a complex ancestral population. However, we cannot rule out departures from strict neutrality to account for the data. The sand-dune habitat of C. australis is presently being lost to urban development and forestation, so survival of this endemic species is also linked to the preservation of the whole sand-dune ecosystem. Even though our results more probably show historical connectivity of populations, at present we know that, because of the discontinuous nature of its habitats, C. australis presents a spatial organization into semiisolated local populations (Kittlein et al. 2004) . The description of the genetic structure of these populations is fundamental not only for conservation purposes, but also to understand the history and the evolutionary potential of this species.
RESUMEN
En este trabajo analizamos la estructura genética geográfica del roedor herbívoro subterráneo Ctenomys australis (tuco-tuco de las dunas) usando secuencias mitocondriales (D-loop) de la región control. Si bien la mayoría de los 24 haplotipos analizados para 70 secuencias individuales (403 pb) se encontraron limitados a poblaciones unicas, un menor porcentaje de ellos estuvieron ampliamente compartidos a través del rango de distribución de dicha especie. La diferenciación genética no fue consistente con un modelo de aislamiento por distancia, evidenciando la falta de equilibrio entre flujo génico y deriva genética local. Tanto el análisis de diferencias pareadas en sitios nucleotídicos, el test de neutralidad de Fu (F S ) y la topología en estrella de la genealogía construida a partir de ADN mitocondrial mostraron consistencia con un evento reciente de expansión poblacional. Sin embargo, no se descarta una explicación alternativa basada en el desvío de la neutralidad estricta del ADN mitocondrial.
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